In plasma etching processes, the spatial distribution of ion flux across the wafer surface determines the uniformity and profile evolution when etching is ion limited. We have designed and built a two-dimensional array of planar Langmuir probes on a 200 mm diameter silicon wafer to measure the radial (r) and azimuthal (θ) variation of ion flux impinging on the wafer surface in plasma etching reactors. Herein we demonstrate the use of this probe array to obtain two-dimensional ion flux distributions in Ar, Cl 2 , and Cl 2 /HBr/He discharges in an inductively coupled plasma reactor. The results obtained using the probe array are in good agreement with Langmuir probe measurements but also reveal azimuthal asymmetries, due to irregularities in chamber geometry such as the pumping port and rf coil configuration, that cannot be detected using radially movable Langmuir probes. The probe array can also be used to investigate the spatiotemporal fluctuations of the ion flux in the 1 -100 Hz range.
I. INTRODUCTION
Plasma etching is widely used in integrated circuit (IC) and micro-electromechanical systems (MEMS) manufacturing to transfer patterns from a mask onto an underlying film or substrate.
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In IC manufacturing, the next generation of plasma etching reactors has to be able to pattern features with dimensions less than 100 nm uniformly on 300 mm diameter wafers. Often, particularly when etching is limited by the ions, the spatial distribution of ion flux across the wafer determines the uniformity of etching and uniformity of the feature profile evolution. 3, 4 For this reason, there have been numerous Langmuir probe studies of the radial and axial variation of the ion density above the wafer in plasma etching reactors. [5] [6] [7] [8] [9] [10] However, most ion flux uniformity measurements to date have concentrated on studying the radial uniformity on a plane above the wafer. There are very few ion current density measurements on the plane of the wafer surface, 11, 12 especially in two dimensions and realistic gas mixtures used in plasma etching processes. We have designed, built, and used an array of planar Langmuir probes on a 200 mm diameter silicon wafer to measure the variation of the ion bombardment flux and its spatiotemporal distribution at the wafer plane in plasma etching reactors. This probe array can be used in plasma process research and development for rapid evaluation of ion flux uniformity, for studying the factors that affect ion density uniformity and for determining the effects of reactor asymmetries that may break the radial symmetry of the ion flux distribution. In this article, we describe our probe array and demonstrate its operation in inductively coupled plasma reactors.
II. ON-WAFER ION FLUX SENSOR ARRAY
Figures 1 (a) and (b) show the side and the top views of the on-wafer ion flux sensor array, respectively. An array of 22 0.8 mm diameter circular probes and their respective connections to external electronics were patterned on a 1 mm thick polyimid board using conventional printed-circuit board fabrication techniques. On top of the polyimid board, leads from each of the circular conductive pads extend to the edge of the board such that electrical contact can be made using a pin connector. The 37 µm thick pads are nickel plated to inhibit corrosion in plasmas maintained in chemically aggressive gas mixtures such as chlorine. A 50 µm thick Kapton insulation layer with 0.6 mm diameter circular apertures was placed on the polyimid board such that the pads and their leads are sandwiched between the board and the insulation layer with only the probes exposed to the plasma. The apertures are slightly smaller in diameter (0.6 mm) than the collector pads such that the Kapton insulation layer overlaps the edge of the collector pads around their circumference. A heavily doped silicon wafer, the polyimid board, and the Kapton insulation layer were bonded together using vacuum epoxy (Torr Seal, Varian). All the probes were connected through the connector pad at the edge of the polyimid board to an electrical feedthrough on the reactor wall using a 30 cm long Kapton-insulated ribbon cable. The electrical connections were insulated using Kapton tape, so that only the collector pads can collect charged particles from the plasma. The polyimid board had a 68 mm diameter annular opening in the center such that a 200 mm diameter heavily doped Si wafer placed underneath is exposed to the plasma and acts as the reference for the probe measurements. This reference plane is necessary in reactors with insulating walls where the plasma may be isolated from the ground. Each probe and the heavily doped Si area form a highly asymmetric double probe system which also prevents current drainage. The sensor array fabricated on the 200 mm diameter Si wafer can be mounted on the electrostatic chuck like a process wafer. Thus, the probe array including the exposed Si area in its center experiences the same ion bombardment from a plasma as a process wafer, and is kept at constant temperature using the same cooling system used for cooling process wafers. The sensors are arranged in an array such that the ion flux distribution impinging on the wafer surface can be determined over the entire surface of the wafer by interpolation. Placement of probes close to the connector is avoided to minimize the disturbance that may be caused by the ribbon cable used to carry the collected current to the electrical feedthrough. Figure 2 shows the schematic diagram of ion current density measurements and data acquisition setup. All the probes were biased at -70 V with respect to the reference area in the center of the wafer using a floating power supply (Kepco, APH 1000M) and maintained in the ion saturation regime of the probes' current-voltage characteristic. The current collected by each probe was filtered using home-built rf filters and its magnitude was determined by measuring the voltage drop across a precision resistor (249 Ω) connected in series with the probe. The voltage drop across each of the resistors was scanned at 9 kHz, averaged over 400 times to obtain better signal to noise ratio, digitized, and recorded using National instruments SCXI platform with Labview interface. Twodimensional variation of the ion flux as a function of radial (r) and azimuthal (θ) positions on the plane of wafer was determined using Kriging interpolation 13 between the probes.
To verify that there is no perturbation to the plasma caused by Kapton and/or other materials used for fabricating the on-wafer ion flux sensor array, residual gases were analyzed in Cl 2 and SF 6 plasmas using a quadruple mass spectrometer (EQP 300, Hiden) and compared with mass spectra of residual gases at the same plasma conditions with a Si wafer placed on the electrostatic chuck instead of the on-wafer ion flux sensor array. There was no significant difference in the mass spectra with or without the onwafer ion flux sensor array indicating that there is no significant contamination of the plasma due to materials used in the sensor array. To check for artifacts that may be introduced due to the irregular distribution of the sensors and leads, the wafer position was rotated by 90 degrees on the electrostatic chuck. Measurements using different wafer positions gave the same results.
III. EXPERIMENTAL SETUP
The experiments to demonstrate the use of the on-wafer ion flux sensor array were conducted in a high-density inductively coupled plasma (ICP) reactor (Lam Research Corporation TCP 9400) described previously in detail.
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This reactor is equipped with multiple plasma and surface diagnostics including a radially movable Langmuir probe (Smart Probe, Scientific Systems Ltd.), multiple total internal reflection Fourier transform infrared (MTIR-FTIR) probe for detecting films deposited on the reactor walls, optical emission spectroscopy (OES) to measure the gas phase neutral concentration, mass spectroscopy to detect the neutrals and ions in the plasma, and downstream gas phase infrared absorption spectroscopy to monitor gas phase species in the reactor exhaust. This type of plasma etching reactor is commonly used to etch polysilicon and crystalline silicon in Cl 2 /O 2 /HBr containing discharges. Radio frequency (rf) power at 13.56 MHz is inductively coupled to the plasma through a quartz window by a planar spiral coil seated on top of the window. Wafers are placed on an electrostatic chuck and electrostatically clamped. The electrostatic chuck and wafer temperature were kept constant at 60 °C by a cooling system. Filling the space between the wafer and the electrostatic chuck surface with He gas facilitates heat transfer between the electrostatic chuck and the wafer. Mass flow controllers regulate the gas flow into the reactor. The gases enter the reactor though a gas distribution ring and pumped out by a 1300 l/s turbomolecular pump. Typical operating pressure regime is between 5 and 100 mTorr.
The chamber pressure was controlled by a variable position slot valve.
IV. RESULTS AND DISCUSSION

A. Two-dimensional ion current density distribution in an Ar discharge
As a base case and to test the on-wafer sensor array operation, the ion current density and the corresponding uniformity in an Ar discharge was measured as a function of pressure at 200 W. Figure 3 shows the ion current density averaged over the values collected by all the sensors and the corresponding ion flux distribution uniformity as a function of pressure. Herein, uniformity is defined as % 100
, where + J is the average ion current density and σ is the standard deviation. To avoid systematic errors, experiments were conducted in random order. In an Ar discharge, the average ion current density increases from 1.38 mA/cm 2 at 10 mTorr to 2.43 mA/cm 2 at 60 mTorr and uniformity degrades from 7 % at 10 mTorr to 16 % at 60 mTorr. The discharge becomes less uniform with increasing pressure. Increasing ion flux with pressure in Argon discharges is well documented and attributed to decreasing diffusion losses to the walls as pressure is increased.
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Figures 4 (a)-(c) show the two-dimensional spatial variation of ion current density in Ar discharges maintained at 10, 30, and 50 mTorr, respectively. In order to facilitate the visualization of the uniformity, the ion current density is normalized with the maximum value at each pressure and the same color scale is used for all three plots. The same scheme is used for all two-dimensional plots in this article unless otherwise mentioned. The ion current density distribution on the plane of the wafer surface peaks at the center (r = 0) and decreases monotonically toward the edges, which is the expected ion flux distribution in a discharge where the dominant ion loss mechanism is recombination at the reactor walls, and ions and electrons are transported by ambipolar diffusion. Figures 4 (a) - (c) show that the ion current density uniformity on the plane of the wafer surface is a strong function of pressure and the ion current density distribution becomes less uniform with increasing pressure. Degradation of the discharge uniformity is due to decreasing ambipolar diffusion coefficient with increasing pressure. As pressure increases, the ion current density at the center of the reactor increases. However, the ions and electrons created at the center cannot diffuse readily to the walls and larger ion density gradients develop between the center and the edges of the wafer. Forgotson et al.
have observed the same evolution of ion current density profile as a function of pressure.
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We should also note that the on-wafer ion flux sensor array detects the azimuthal variation of the ion current density due to subtle asymmetries in the chamber geometry such as the existence of the pumping port. In Figures 4 (a) -(c), ion flux distribution is slightly skewed toward the pumping port (at 12 o'clock position of the figure) where there is no wall to act as sink for ions. Thus, the ion current density near the pumping port is slightly higher than the ion flux at same radius on the opposite side.
This slight increase is due to longer diffusion length into the pumping port, which results in lower ion loss rates by recombination at the reactor walls. This type of asymmetry near the pumping port has also been observed in three-dimensional simulation of this reactor.
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Validating the results of the on-wafer ion flux sensor array independently is difficult. For example, Langmuir probe measurements can only be conducted a few cm above the wafer where the ion density distribution can be different from the ion flux distribution impinging on the wafer surface due to axial gradients. To validate the onwafer ion flux sensor array results in Ar discharges, the ion flux spatial variation at the wafer surface was compared with the spatial distribution of SiO 2 sputtering rate. Since sputtering rate is proportional to the ion flux, the two distributions should coincide with each other. The sputtering rate of a thin SiO 2 film on a 200 mm diameter Si wafer in an Ar discharge was determined by measuring the film thickness using reflectometry before and after the sputtering at 49 points equally distributed on the wafer. The electrostatic chuck was biased at -300 V in order to increase the ion energy impinging on the wafer surface. The two dimensional variation of the sputtering rate was determined by interpolating between these 49 points. The reactor walls were cleaned using an SF 6 discharge followed by an O 2 plasma prior to every measurement to maintain the same reactor wall conditions.
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To prevent outgasing of chemically reactive species such as fluorine, which may adsorb on the reactor walls and the quartz window during the SF 6 cleaning step, an Ar discharge was turned on before loading the wafer into the chamber until the optical emissions from F decreased down to the baseline.
The SiO 2 sputtering rate and ion flux distributions obtained by the probe array are compared in Figures 4 (b) and (d) . The similarity between the spatial variation of the SiO 2 sputtering rate and that of the ion current density at the same condition indicates that the probe array provides a reliable measure of the ion flux uniformity and does not significantly disturb the plasma.
B. Comparison of ion flux probe array and Langmuir probe measurements
To further validate the on-wafer ion flux sensor array measurements, the ion current density and uniformity obtained using the probe array were compared with ion density obtained using a radially movable Langmuir probe. Since ion current density at the wafer plane is determined by ion density above the wafer plane, these two as a function of power and pressure is in good agreement with that calculated from the ion density 1 cm above the wafer plane ( Figure 5 (b) ). The ion current density at the wafer plane is slightly less than that 1 cm above the wafer plane at the same power and pressure due to axial gradients. As expected, this difference is largest for the highest pressure and decreases with decreasing pressure as ion density gradient is reduced. Figure 6 shows the radial variation of the ion density measured using the Langmuir probe and normalized to the value at the center of the discharge for several pressures. Figures 7 (a) -(d) show the two-dimensional spatial distributions of ion current density as a function of pressure at the wafer plane measured using the on-wafer ion flux sensor array. All the Langmuir probe measurements were taken along the radial direction shown by the dashed line in Figure 7 (a). Since, Langmuir probe measurements are taken above the wafer, a direct comparison is not possible: ion flux distribution homogenizes as ions diffuse radially and travel towards the wafer surface. Thus, the ion distributions measured at the wafer are flatter than those measured by the Langmuir probe. However, the shapes of the ion flux distribution above and on the wafer should be similar and trends in this shape with changing pressure must be the same. Indeed, both Figures 6 and 7 show that the ion current density distribution peaks at the center at low pressures, flattens at intermediate pressures, and has a hollow radial profile at high pressures. The spatial variation of ion current density obtained using the probe array is in good agreement with the ion density obtained using the Langmuir probe. However, we should note that two-dimensional ion current density distribution is not completely radially symmetrical, and is slightly skewed toward the pumping port with a local maximum near the pumping port. This azimuthal variation of the ion current density cannot be detected with a radially movable Langmuir probe. Figure 8 shows a comparison of ion flux distribution with polysilicon etch rate uniformity in Cl 2 /HBr/He discharges. Polysilicon etch rate distribution was measured using the same procedures used in determining SiO 2 sputtering rate distribution shown in Figure 4 (d). In polysilicon etching processes, HBr is added to Cl 2 to obtain vertical sidewalls.
C. Comparison of ion flux distribution with etch rate uniformity
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Etching of polysilicon in HBr/Cl 2 discharges in high-density discharges is through an ion-assisted mechanism. Thus, the two-dimensional distributions of the etch rate and ion flux are expected to mimic each other closely. Indeed, Figures 8 (a) and (b) show that when normalized with their respective values the ion flux and polysilicon etch rate distribution are virtually identical. The local maximum in the etch rate and ion flux near the pumping port is due to decreased wall losses in this region and is more apparent in Figure 8 (a) than in Figure 4 because of the decreased scale in the former.
D. The sensitivity of the on-wafer ion flux sensor array
The final example of the use of the on-wafer ion flux sensor array in this article shows its sensitivity. Under certain etching conditions, the ion flux distribution on the plane of the wafer surface reflects the image of the coil due to a capacitive coupling through the plasma either between different points on the coil or between the coil and the other reactor surfaces. Figure 8 (c) shows the ion flux distribution in a Cl 2 discharge where a potential drop between two points on the coil leads to appearance of a "hot spot"
and a "cold spot". Ion flux distribution at the wafer surface shown in Figure 8 (c) has better than 7 % of uniformity. Even within 7 % of uniformity, the on-wafer ion flux sensor array is sensitive enough to detect subtle differences in ion flux due to the coil geometry. In Figure 8 At 9 kHz scan rate and averaging 300 measurements data for production of the two-dimensional images of ion current density distribution could be obtained at 30 Hz.
Thus, the probe array can also be used to investigate slow spatiotemporal variations. In fact, we have also used this probe array and a smaller diameter version of it to measure the spatiotemporal variation of the ion current density distribution in presence of plasma instabilities in inductively coupled Ar and SF 6 discharges. These results are discussed elsewhere. 
